ABSTRACT: Spin-labeled lipids are commonly used as fluorescence quenchers in studies of membrane penetration of dye-labeled proteins and peptides using depth-dependent quenching. Accurate calculations of depth of the fluorophore rely on the use of several spin labels placed in the membrane at various positions. The depth of the quenchers (spin probes) has to be determined independently; however, experimental determination of transverse distributions of spin probe depths is difficult. In this Article, we use molecular dynamics (MD) simulations to study the membrane behavior and depth distributions of spin-labeled phospholipids in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. To probe different depths within the bilayer, a series containing five Doxyl-labeled lipids (n-Doxyl PC) has been studied, in which a spin moiety was covalently attached to nth carbon atoms (where n = 5, 7, 10, 12, and 14) of the sn-2 stearoyl chain of the host phospholipid. Our results demonstrate that the chain-attached spin labels are broadly distributed across the model membrane and their environment is characterized by a high degree of mobility and structural heterogeneity. Despite the high thermal disorder, the depth distributions of the Doxyl labels were found to correlate well with their attachment positions, indicating that the distribution of the spin label within the model membrane is dictated by the depth of the nth lipid carbon atom and not by intrinsic properties of the label. In contrast, a much broader and heterogeneous distribution was observed for a headgroupattached Tempo spin label of Tempo-PC lipids. MD simulations reveal that, due to the hydrophobic nature, a Tempo moiety favors partitioning from the headgroup region deeper into the membrane. Depending on the concentration of Tempo-PC lipids, the probable depth of the Tempo moiety could span a range from 14.4 to 18.2 Å from the membrane center. Comparison of the MD-estimated immersion depths of Tempo and n-Doxyl labels with their suggested experimental depth positions allows us to review critically the possible sources of error in depth-dependent fluorescence quenching studies.
■ INTRODUCTION
Spin-labeled phospholipids or fatty acids have often been used as spin probes in various fields of membrane biophysics. 1 A spin label, such as a nitroxide moiety containing a stable free radical, introduced into either the polar headgroup or the nth carbon positions in the host lipid chain, quenches the fluorescence of a target molecule depending on their relative proximity within the membrane. Since a spin moiety quenches only nearby fluorophores, the most efficient quenching will occur when the quencher and the fluorophore are located at the same depth in the membrane. The depth-dependent fluorescence quenching methodology has long been used in parallax 2 and distribution analysis 3−5 for measuring the depth of amino acid residues in membrane-inserted peptides. 6 The reliability of these approaches is crucially dependent on assumptions that lipidattached spin quenchers are rigidly anchored at well-known depths within a membrane. Knowledge of the precise location of the spin quencher is therefore essential to interpret spectroscopic results.
Several experimental approaches have been designed to measure the depth of spin labels within a membrane by using fluorescence, 2,6−8 electron paramagnetic resonance (EPR), 9−11 nuclear magnetic resonance (NMR), 12, 13 as well as electronspin echo envelope modulations (ESEEM) spectroscopy. 14 These spectroscopic techniques have shown that overall structural and dynamics behaviors of spin-labeled lipids had many features similar to those of unlabeled PC; 15−17 however, high-resolution structure details were often unavailable from such experiments. It is commonly accepted that the depth of spin labels can be approximated by the depth of the corresponding carbon atoms of the unlabeled fatty acyl chain and that the depth of the labeling position can be inferred from a rigid, all-trans configuration of the lipid acyl chains. 2, 9 The widely accepted depth calibration scale 9 is based on the all-trans conformation of sn-2 acyl chain of dimyristoyl-PC crystals, derived from the earlier X-ray diffraction data by Pearson and Pascher 18 and refined according to the carbon atom positions estimated from 2 H NMR data of Seelig and Seelig. 19 The modern view of the lipid membrane shows the inherent disorder and high mobility of the lipid acyl chain region in the liquid-crystalline phase state. 20, 21 Therefore, the lipid membrane can no longer be considered a rigid, well-ordered environment. Indeed, more recent 1 H NMR studies combined with magic angle spinning (MAS) have revealed the high transverse mobility and high degree of molecular disorder of chain-attached Doxyl labels in liquid-crystalline POPC membranes. 22 In addition, the EPR method 22 had reported rather wide transverse distribution profiles of lipid-attached spin-labels. Thus, over the past few years, evidence has accumulated indicating that when a small spin quencher is attached to a lipid chain, it becomes subject to the same dynamics and high mobility as the rest of the lipid acyl chain.
The combination of experiments and molecular dynamics (MD) simulations has now become an established tool for studying the structure and dynamics of lipid membranes, adding atomistic resolution to structural data derived from Xray and NMR studies. 23−26 Fluorescence techniques combined with MD simulations have been used successfully for studying the effect of hydration 27, 28 and solvent penetration 29, 30 on membrane properties. 31−33 One of our long-term research goals is to develop integrated fluorescence spectroscopy and computational techniques for studying membrane penetration depths and topology information for membrane proteins. Recently, we used MD simulations to validate depth-dependent fluorescence quenching of tryptophan octyl ester (TOE) in a POPC bilayer. 34 In those simulations, we treated the unlabeled carbon atoms of the lipid acyl chain of POPC as "pseudo-quenchers" of TOE fluorescence. This approach for dynamic fluorescence quenching allowed us to calculate appropriate transverse overlaps and collision rates between the quenchers and TOE. In the present work, we used MD simulations to address and refine the depth position of "real quenchers", namely, a series of lipid-attached spin-quenchers (Doxyl and Tempo labels, Scheme 1) embedded into a POPC bilayer.
A goal of our study is to estimate the membrane depth of the Doxyl spin label attached to 5, 7, 10, 12, and 14 carbon atoms of the sn-2 stearoyl chain of the host phospholipid. In order to extend the depth range of quenchers into the interfacial region of the bilayer, we also examined the location of the Tempo spin moiety attached to the lipid headgroup. The MD-estimated depth positions of the lipid-attached n-Doxyl and Tempo spin labels are, therefore, discussed in terms of refining the depth scales that are currently used for depth-dependent fluorescence quenching studies.
■ METHODS Molecular Dynamics Simulation Setup. Tempo-PC and n-Doxyl-PC lipids (Scheme 1) were studied in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. MD simulations were performed on six different membrane systems. The initial configuration of an equilibrated POPC bilayer composed of 128 lipids was used from our previous studies. 31, 35 In each system, either 12 or 32 lipids molecules were randomly selected for spin probe labeling. To prepare the initial configurations, we first selected an equal number of the lipids, randomly located from the upper and lower leaflets of an equilibrated POPC bilayer. Second, each n-Doxyl-PC spinlabeled system was prepared by direct introduction and attachment of the Doxyl label into the equilibrated POPC bilayer in water. The spin labels were attached to the corresponding carbon atom of the sn-2 lipid chain of POPC molecules (Scheme 1). The double bond in the sn-2 acyl chain Scheme 1. Molecular Structure of Spin-Labeled Lipids a of POPC was removed so that the acyl chain was transformed from oleoyl to stearoyl. The initial configurations of the Tempo-PC labeled systems were prepared using the same protocol: either 12 or 32 lipids (this corresponds to 11 and 28 mol % of Tempo-PC) were selected from the upper and lower leaflets of the equilibrated POPC bilayer, and the Tempo group was covalently attached to the choline moiety of the selected POPC lipid molecules. The spin labels were inserted into a bilayer one by one, so that, after each addition, unfavorable interatomic contacts could be removed by steepest descent energy minimization and a short MD re-equilibration for 100 ps. All systems were hydrated with 4217 water molecules (lipidto-water ratio 1:33). The initial membrane systems were equilibrated for 10 ns. After that, the final MD simulation sampling was carried out for n-Doxyl-PC and Tempo-PC systems for 100 and 200 ns, respectively.
A MD force field of a POPC bilayer was based on the parameters presented by Berger et al. 36 In POPC and spinlabeled lipids, all carbon atoms of CH 2 and CH 3 groups with nonpolar hydrogen atoms were treated as united atoms. For Tempo-PC and n-Doxyl-PC lipids, we used the same force field parameters as for POPC. The bond length and angle parameters for the Tempo and Doxyl probes were optimized by density functional theory calculations at the UB3LYP/ccpVDZ level. Partial charges needed for Coulomb interactions were derived from the UB3LYP/cc-pVDZ electron densities by fitting the electrostatic potential to point (ESP) charges. MD topologies of the spin-labeled bilayers are available in the Supporting Information. The Simple Point Charge (SPC) model 37 was used for water. MD simulations were carried out at a constant number of particles, constant pressure of P = 1 atm, and constant temperature T = 303.15 K (NPT ensemble). Three-dimensional periodic boundary conditions were applied with the z axis lying along a direction normal to the bilayer. The pressure was controlled semi-isotropically, so that the x−y and z dimensions of the simulation box were allowed to fluctuate independently from each other, keeping the total pressure constant. Thus, during MD simulations, the membrane area and thickness were therefore free to adjust under the NPT condition. The reference temperature and pressure were kept constant using the Berendsen weak coupling scheme 38 with a coupling constant of τ T = 0.1 ps for the temperature coupling and τ P(x−y) = τ P(z) = 1.0 ps for the pressure coupling. Electrostatic interactions were simulated with the particle mesh Ewald (PME) 39 approach using the long-range cutoff of 1.4 nm. The cutoff distance of Lennard−Jones interactions was also equal to 1.4 nm. All bond lengths were kept constant using the LINCS routine. 40 The MD integration time step was 2 fs. The MD simulations were carried out using the GROMACS set of programs, version 4.5.5. 41 Molecular graphics and visualization were performed using VMD 1.8.6.
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■ RESULTS AND DISCUSSION Behavior of n-Doxyl-PCs in Bilayer. To study the membrane behavior of a Doxyl spin label attached down along the stearoyl lipid chain, five different n-Doxyl-PC/POPC bilayer systems were prepared. Each system contained 12 molecules of n-Doxyl-PC lipids randomly distributed in a bilayer composed of 116 POPC lipids (where n = 5, 7, 10, 12, 14, and indicates the attachment position of the acyl chain carbon atom as shown in Scheme 1). The systems composed of n-Doxyl-PC/POPC lipids with a ratio of 12:116 correspond to 11 mol % of the bilayer spin labeling. This concentration is within typical concentration ranges used in depth-dependent fluorescence quenching experiments. 2, 8 To estimate the favorable equilibrium penetration depth for spin labels in a membrane, all the n-Doxyl-PC labeled systems were simulated for 100 ns. Figure 1 shows MD snapshots of typical distribution of the Doxyl-labeled lipids observed at the end of the MD sampling. The corresponding center-of-mass (COM) distance dynamics, averaged for spin moieties from the upper and lower leaflets, are given in Figure S2B in the Supporting Information. Depending on the attachment position, the spin labels were characterized by different degrees of COM movements. The spin moieties attached to chain carbon atoms 5 and 7 show narrow COM distributions around the certain depth within a bilayer, whereas the labels attached to carbons 12 and 14 revealed broad and high-amplitude displacements along the bilayer normal, as seen from Figure 1 and Figure S2B in the Supporting Information.
Control MD simulations for the 5-Doxyl-PC labeled bilayer also show that the penetration depth and distribution width of the Doxyl moieties were not significantly affected by the larger spin-label concentration (34:94 Doxyl-PC:POPC) up to 29 mol % ( Figure 2 ). In addition, we noticed that the incorporation of 12 molecules of n-Doxyl-PC into the bilayer does not change the overall bilayer structure and results in only a small increase in the surface area. This effect becomes noticeable, however, after the insertion of 34 molecules of 5-Doxyl-PC, leading to an increase in the bilayer surface area up to 7%. It has been reported that some amphiphilic host molecules could segregate into hydrophobic and hydrophilic domains in membranes at high concentrations. 43 Our studies demonstrate that despite the changes in surface area, there is no phase segregation or noticeable clustering of 5-Doxyl-PC lipids in the bilayer even at concentrations of 29 mol %.
The earlier MD simulations of the nitroxide label attached to the hydrocarbon tail of stearic acid have also shown that the Doxyl groups introduced to 5-C, 10-C, and 16-C tail positions were characterized by different mobilities, and overall probe distributions within a membrane were also broad. 44, 45 MD simulations of the localization and favorable conformations of alkyl chain-attached Doxyl labels have revealed that the anchoring properties of the host molecules in a lipid bilayer depend on the labeling position of the spin moiety. 44−46 When the Doxyl group was attached to the chain close to either a phosphate group or the terminal methyl, it remained well anchored at specific depths within the membrane; however, if the same group was introduced to the middle of the alkyl chain, it perturbed an extended conformation of the chain and moved closer to the interface region in the membrane. Furthermore, it was also demonstrated that the labeled molecules were even able to make flip-flop transitions between the leaflets of the bilayer. 46 As has also been demonstrated for different fluorescent-labeled lipids, the location of large polar probes often reflects their intrinsic properties rather than the structure and behavior of lipid molecules to which they are attached. 47−51 For example, it has been shown by using both experiments and MD simulations that the presence of a polar NBD fluorophore could cause backfolding of the entire lipid chain toward the membrane interface. 8, 52, 53 Our MD simulations of the n-Doxyl-PC lipids show no such flip-flop transitions, suggesting that the phospholipid host molecules are able to anchor the nitroxide label at specific depths in the membrane.
Depth of Spin Labels in the Bilayer. The precise depths for the spin labels in the membrane were calculated using their transverse mass density profiles as shown in Figure 3A . For comparison, the decomposition of the overall mass density of the POPC bilayer into the contributions from different components: phosphate groups (PO 4 ) and acyl chain n-carbon atoms are also presented in Figure 3B . The distribution profiles of the n-Doxyl labels (where n varies from 5-C to 10-C) were found to be as broad as the average distribution widths of the ncarbon atom of the lipid acyl chain to which they are attached. As labeling positions move further down the lipid chain (12-C and 14-C) toward the terminal methyl group, the transversal distribution broadening increases systematically. The Doxyl groups attached at the end of the lipid chain and, hence located deeper in the membrane, are more flexible and have more degrees of mobility.
The summary of the transverse positions of the lipid-attached spin labels in the bilayer is presented in Table 1 . In the field of depth-dependent analysis, two depth scales are used that differ in their center of the origin: (i) one is centered at the center of the bilayer and ranged toward the position of the label, 2−4 (ii) the second is centered at the bilayer surface (assigned to peaks of phosphorus atoms of phospholipids) and ranged toward the position of the spin label. 1, 9, 14 This is why the comparison of the MD depths of the Tempo and Doxyl probes estimated within these two different depth scales is also given in Table 1 . Both depth scales are, therefore, dependent on the bilayer thickness.
As indicated above, the surface positions of the upper and lower leaflets of the bilayer are commonly taken from the bilayer thickness, which can be calculated from the distance between the two distribution peaks of the phosphate group as shown in Figure 3B . In our simulations, the thickness of the unlabeled POPC bilayer was found to be 39.0 Å as compared to the experimental value of 37.6 Å. 21 To evaluate the role of force-field parameters of the Doxyl group in favoring its penetration depths, control MD simulations were carried out for the 10-Doxyl-PC/POPC system in which electric charges at the Doxyl atoms were scaled down by a factor 10. It appears that the electrostatic contributions of the Doxyl labels have small effects on overall mobility and transverse distributions of the spin labels across a bilayer (Supporting Information Figure S1 ).
Behavior of Tempo-PC in Bilayer. To study the behavior of the headgroup-labeled lipids and the penetration depth of a Tempo spin label within a membrane, we simulated two POPC bilayer systems containing different molar percentages of Tempo-PC lipids. The systems were composed of Tempo-PC/POPC lipids with a ratio of 12:116 and 32:96 that correspond to the bilayer spin labeling of 11 and 28 mol %, respectively. The details of the preparation of the initial systems Tempo-PC/POPC were given in Methods. The Tempo-PC/ POPC systems were simulated at NPT conditions to monitor the equilibrium distribution of the Tempo labels within the bilayer. During MD sampling, the Tempo-PC lipids were driven by free thermal diffusion within the bilayer. Figure 4A and B shows MD snapshots of the systems containing 12 and 32 Tempo-PC molecules, respectively, taken at different simulation times. As can be seen, at the beginning of the MD sampling, most Tempo labels were initially facing toward bulk water. During the initial sampling period, the spin labels gradually moved toward the bilayer surface (the middle panels in (A) and (B) ). Finally, they become buried deeper into the bilayer at the end of the sampling.
To monitor system equilibration and the convergence of the probe distribution, time evolution of the center-of-mass (COM) of the Tempo labels, averaged over the probes located on the upper and lower leaflets, was plotted as a function of MD sampling time (Supporting Information Figure S2A ). During the first 110−120 ns, the COM distances of the Tempo labels (calculated from the bilayer center) moved slowly from the initial positions of ∼25 Å to positions deeper into the bilayer, approaching some plateau at ∼14−16 Å. This time period was required for the Tempo labels to reach the equilibrium positions in the membrane and, therefore, it was discarded and excluded from further analysis. Figure 4 shows that at the equilibrium state the Tempo labels were still broadly distributed across the bilayer normal, so that a major population of the labels penetrated deeply into the hydrophobic region, whereas some fraction still favored residing at the membrane interface ( Figure 3A) .
The mass density profiles of the Tempo labels, calculated along the bilayer normal for the two different concentrations of Tempo-PC, are shown in Figure 5 . For the 11 mol % bilayer labeling, the major density peak of Tempo was observed at 12.9 Å. Despite the long MD sampling ensuring the convergence of the average COM distance of the Tempo labels after 150 ns (Supporting Information Figure S2A ), some subpopulation of the Tempo labels still exists at the membrane interface (∼30 Å). In the case of the 28 mol % labeling, the distribution becomes broadened and the density peak was shifted to 15.4 Å. Taking into account the asymmetry of the distribution peaks, the most probable depths of Tempo were alternatively estimated from the center-of-weight of the distribution profiles and found to be 14.4 and 18.2 Å for the bilayer labeling of the 11 and 28 mol %, respectively ( Figure 5) .
Diffusion of Doxyl Group. The favorable residence of a solute molecule within a certain region of a membrane is often driven by physical properties of the lipid environment such as polarity, density, local viscosity as well as free volume. 54 The diffusion coefficient of a solute has been found to depend strongly on position and diffusion direction in the membrane. Diffusion in chain-like solvents such as lipid bilayers is also known to be related to lipid internal motions, such as overall rotation and local trans/gauche interconversions along the lipid hydrocarbon chains. The internal dynamics of the lipids are therefore thought to be the main mechanism responsible for free volume redistribution inside the membrane. 55 To estimate local mobility of the lipid-chain-attached Doxyl spin probes, we calculated the displacement correlations function for the self-diffusion of the Doxyl probe along the XY-and Z-dimensions within the POPC bilayer. From the a Deviation (±) of the depth (in Å) corresponds to the half-width at half-height of the distribution peak. b The distances for the sn-2 acyl chain in the all-trans conformation of DMPC crystals were calculated from the polar surface of the bilayer (phosphorus = 0) based on X-ray diffraction data. 18 These distances were recalculated from the center of the POPC bilayer assuming the surface is located at 19.1 Å from the bilayer center. 21 The position of 14-Doxyl was taken as the average between those of 12-Doxyl and 16-Doxyl.
c Distances were calculated from the X-ray diffraction results 18 and scaled according to the order parameter versus sn-2 carbon data derived from 2 H NMR data.
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Estimated from the center of a PSPC bilayer assuming the thickness of 46 Å. Figure S3 shows the COM displacement of the Doxyl spin groups of a series of nDoxyl-PC lipids along the Z-dimension of the POPC bilayer. Table 2 summarizes diffusion coefficients D xy and D z .
As can be seen from Table 2 , the lateral diffusion of the Doxyl moiety depends strongly on diffusion direction within the bilayer, being faster in the lateral X−Y direction. The diffusion D z occurring normal to the bilayer is slower and strongly modulated by the attachment position of the spin group along the stearoyl chain, ranging from 0.03 × 10 −7 to 0.32 × 10 −7 cm 2 /s. The Doxyl labels attached close to the terminal methylene carbons of the stearoyl chain diffuse faster by jumping between the free volume pockets available in the middle of the bilayer, which is in fact the lowest-density region of the system (Figure 3) . The latter can explain the significant broadening of the transverse mass density of the Doxyl probes attached to C-12 and C14 carbon atoms, as observed in Figure  3 .
The values of the lateral diffusion coefficients of the Doxyl probes compare favorably with experimental data (0.5 × 10 −7 to 1.5 × 10 −7 cm 2 /s) for the lateral self-diffusion of lipid molecules in the liquid-crystalline POPC bilayer measured with fluorescence recovery after photobleaching 56 and fluorescence correlations spectroscopy. 57 These values are also in agreement with the lateral diffusion coefficient estimated for a POPC bilayer by published MD simulations. 58, 59 Our findings indicate that the lateral diffusion of the spin probes is mainly dictated by local viscosity of the bilayer and the self-diffusion of the whole host lipid molecule. In contrast, the overall diffusion of the Doxyl moiety along the bilayer normal appears to be restricted (Table 2) .
Reorientational Dynamics of Spin Labels. Quenching of the electronically excited fluorophore by lipid-attached spin quenchers is a dynamic process induced by collisions between the fluorophore and the quenchers. Because of the conformational flexibility of the lipid chains and thermal diffusion, the spin probes in the membrane are the subject to rotational reorientation and diffusive motions about the membrane normal. Therefore, in addition to the self-diffusion of the Doxyl moiety, the reorientation dynamics of the spin groups were calculated from a rotation autocorrelation function (RACF) ⟨C 2 (t)⟩ (eq 1).
where θ(t) is the angle between two vectors oriented normal to the average molecular plane of the spin probe and monitored at times t and t + Δt, respectively. For all the simulated spin-labeled bilayer systems, the RACFs revealed complex nonexponential decays ( Figure 6 ). The RACFs could be well-fitted to a double exponential function (eq 2), where the fast and slow decay constants can be attributed to pseudoaxial rotation and diffusive motion of the probe.
(2) Figure 6 shows that the reorientation dynamics of the spin moieties occurs on a nanosecond time scale. There is a systematic decrease in the time scales for the diffusive reorientation of the probe with depth into the membrane ongoing from the 5-position spin label to the 14-position label in the lipid chain. The increased rates of the reorientation dynamics down the lipid chain indicate to a progressive increase in the degree of mobility of the spin group. The Doxyl moieties attached to the terminal part of the chain (12-C and 14-C) are therefore undergoing pseudoaxial rotation on a time scale of ∼2.5 ns, whereas those attached to the lipid headgroup and the upper part of the lipid tail (5-C and 7-C) remain relatively rigidly fixed by the membrane environment on this time scale. Figure 5 . Depth of Tempo-PC. Probability densities of the Tempo label are compared for two different concentrations of 11 (black) mol % and 28 (red) mol %, respectively. To account for different concentrations, the areas under mass density profiles were normalized to 1. Due to the asymmetry of the density distributions, the most probable depth of the spin label was calculated from the center-ofweight (COW) of their probability profiles. The corresponding COW depths calculated from the center of a POPC bilayer were found to be 14.4 and 18.2 Å, respectively. Figure 6 . Reorientational dynamics of spin labels. Rotation autocorrelation functions for the spin label group of Tempo-PC and n-Doxyl PC in a POPC bilayer. Rotational times τ α were calculated from fitting C 2 (t) to a two-exponential decay (solid lines) and averaging fast and slow components.
Our findings of the progressive increase in the degree of mobility of the Doxyl probes located deeper into the membrane are consistent with the increase in relaxation times τ characterizing lipid internal motions within a bilayer. 61 The relaxation processes are thought to be related to trans/gauche interconversions, so that the mean life of trans and gauche conformers decreases rapidly on going from the upper part of the lipid chains toward the terminal methyl part. 61 Moreover, Hakansson and co-workers 60 have performed MD simulations of EPR slow-motion spectra and the reorientational correlation functions of spin labeled phospholipids in liquid crystalline bilayers and found that the relaxation of the spin probes become faster closer to the end of the acyl lipid chains. Instead of the spin probes, however, they have simulated the reorientational dynamics of a vector defined by two carbon atoms on the acyl chain of DPPC lipids. To our knowledge, only a few MD simulations of lipid-attached spin labels in a bilayer are found in the literature. The nitroxide group attached to the hydrocarbon tail of stearic acids in a DPPC bilayer have shown the dynamic behavior similar in many aspects to that observed for the probes in our study. 46 The nitroxide labels attached at the beginning of the tail were more rigidly fixed than the labels located at the end of the tail. Moreover, our MD-simulated rotation times agree well with the effective correlation time of 1.5 ns for rotation of the Doxyl group of 14-Doxyl-PC in a DMPC bilayer measured using the time-resolved EPR technique. 62 Comparison with Experiments. Several relative spectroscopic depth scales utilizing spin labels have been suggested for immersion depth measurements by using various spectroscopy techniques such as fluorescence, 2,7 EPR, 9,11 and NMR. 13 In fluorescence studies, quenching of a target fluorescence probe by a paramagnetic spin label depends on their relative positions within a membrane; therefore, penetration depth is commonly defined as the distance from a probe to the bilayer center. 4, 6 In EPR methods, another paramagnetic agent such as Mn 2+ ion needs to be present to measure the distance between two spins so that the immersion depth is often considered as the distance from the bilayer surface to a spin-labeled site within a membrane.
The aim of the present study is to estimate the membrane depths of a series containing six spin labels (five n-Doxyls and Tempo) using MD simulations. A broad range of the spin labeling positions was considered, from the lipid headgroup up to the terminal carbons of the sn-2 lipid chain (Scheme 1). Table 1 compares the MD-estimated depths with the available experimental values. Figure 7 shows a comparison of the MDestimated depths with those determined from the X-ray diffraction data of the unlabeled bilayer 18 and scaled according to the order parameter versus sn-2 carbon atom data derived from 2 H NMR 19 ( Table 1 ). The depth of the spin labels attached to opposite ends of the lipid chain, at C-5 and C-14, agrees well with the depths of the corresponding unlabeled carbon atoms. However, some systematic upward deviations were observed for the spin labels attached to carbons C-7, C-10, and C-12. For 10-Doxyl, the deviation between the MDestimated depth and the position of the unlabeled carbon atom C-10 is the largest and equals up to 4.2 Å. It is interesting that our MD-estimated membrane depths of 5-and 10-Doxyl labels correlate very well with the depths derived from the recent NMR experiments. 13 There is, however, some deviation between the depth of C-14 estimated by MD/X-ray and NMR techniques, Figure 7 . We do not have firm evidence for the origin of this deviation, but it could be related to the variations in lipid compositions used in different sets of experiments (DMPC and PSPC vesicles in the case of X-ray 9, 18 and NMR, 13 respectively) and MD simulations (POPC bilayer).
The distance of the Tempo nitroxide group from the bilayer surface (approximated by the position of the cholines and assuming the positions of phosphorus = 0) derived by Pearson and Pascher 18 from X-ray diffraction data of DMPC crystals was found to be at 6−8 Å. 9 Assuming the thickness of the POPC leaflet to be 19.1 Å, 21 the depth of the Tempo label from the bilayer center is re-calculated at 11.1−13.1 Å. This value agrees with the major peak position of the Tempo group of 12.9 Å estimated in our MD simulations of the Tempo-PC/ POPC system at the low spin probe concentration. Utilizing fluorescence quenching of a polar, lipid-attached NBD fluorophore by spin-labeled lipids, Abrams and London derived the depth of the Tempo nitroxide group to be 19.5 Å from the bilayer center. 8 This limiting depth value reported for the Tempo moiety, which places it almost near the membrane surface, can be explained by taking into account that such fluorescence quenching experiments typically utilize high concentrations of spin-labeled lipids in the membrane. Our MD simulations indicate that, indeed, the average depth of the Tempo group is shifted toward the membrane surface upon the increase of the concentration of Tempo-PC, reaching the value of 18.2 Å (Figure 5 ).
■ SUMMARY AND PERSPECTIVE
It this Article, we have presented an MD study of a series of nDoxyl-labeled lipids (Scheme 1) to investigate the structure, local mobility, and immersion depth distribution of the Doxyl spin moiety within a POPC bilayer. Our MD simulations demonstrate that the intrinsic thermal disorder of the bilayer (a broad range of lipid chain conformations) leads to the broad and heterogeneous distributions of the depths of the spin labels across the membrane normal (Figure 1) . Nevertheless, the depth distributions of the Doxyl labels correlate well with the depths of the attachment carbon atoms in the unlabeled chain. We found that the immersion depth of the Doxyl labels attached at the C-5 and C-14 positions agrees very well with those of the corresponding unlabeled acyl chain carbon atoms Figure 7 . Comparison of experimental and MD-estimated depths. The MD-estimated depths of 5, 7, 10, 12, and 14-Doxyl labels (squares) are plotted versus the lipid chain carbon atom number. The MD-depths of 7, 10, and 12-Doxyls demonstrate systematic upward deviations from the calibration line derived from the carbon atom depths (circles) in the unlabeled sn-2 lipid chain based on the X-ray/NMR data. 9, 18, 19 ( Figure 3 and Table 1 ). When the Doxyl group was attached to the middle of the acyl chain (C-7, C-10, and C-12), some systematic upward deviations were observed, as can be seen in Figure 7 . The largest difference of ∼4 Å between the immersion depth of the spin probe and the position of the unlabeled carbon atom was observed for the spin group of 10-Doxyl-PC.
Overall results of our MD study suggest that the distribution of the spin label within the model membrane is mainly dictated by the depth of the n-th chain carbon atom of the host phospholipid molecule. Because of its small size, the intrinsic properties of the Doxyl spin label, such as polarity and a hydrophobic/hydrophilic balance, play a minor role in favoring its membrane position. This behavior of the Doxyl probe, attached to POPC lipid molecules, differs from the membrane behavior of the spin labels, which were covalently attached to either alkylphospholipid analogues 46 or fatty acids. 44, 45 In contrast to n-Doxyl-PCs, the headgroup-labeled Tempo-PC lipids have shown a more complicated behavior in the model membrane. Our MD simulations revealed that, due to its hydrophobic nature, a Tempo group favors partitioning from the headgroup region deeper into the water-free region of the membrane. The average depth of the spin moiety also depends on the concentration of Tempo-PC lipids in the bilayer in the range of concentrations typical for fluorescence quenching experiments. 8, 12, 13 At low concentration of 11 mol % of bilayer labeling, the Tempo group favors residing at depths ranging from 12.9 Å (the major distribution peak position) to 14.4 Å (the center-of-weight of the distribution profile), as shown in Figure 5 . In addition to the major population of the Tempo group partitioned deeply into the membrane, some minor subpopulation of the label is also observed at the outer bilayer interface (at ∼26−28 Å from the center). The results of the MD simulations of the higher Tempo-PC concentration of 28 mol % suggest that the bulk character of the Tempo group results in significant broadening of its transverse membrane distribution so that the average label depth spans a range from 15.4 to 18.2 Å from the bilayer center. Thus, we argue that the average immersion depth of the Tempo quencher can be very sensitive to the concentration of Tempo-PCs in the membrane, which therefore becomes critical in the proper setup of depthdependent fluorescence quenching experiments.
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